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1 Introduction 

Chiral Symmetry is important in a lot of sit- 
uations. In this talk I will restrict myself 
to consequences of Chiral Symmetry for the 
strong interaction. The subject is very broad 
as can be judged from the lectures and review 
articlesB. In its modern form it was founded 
by Weinberg^ and Gasser and LeutwylerBE I 
will discuss a few of the basics in sects. 0, H 
The applications to tttt scattering (sect. [ 
some two-flavour results (sect. and resum- 
mations, and the question of hadronic contri- 
butions to the muon magnetic moment (sect. 
0), follow. Some of the theoretical develop- 
ments in the structure and understanding in 
particular of the many free parameters fol- 
low in sect. |^. Applications to three flavours, 
sect, 
sect. 



, quark mass ratios, sect. |l0|, V us , 

, anomalies and eta decays, sects. |l2[ 

|l3] , semileptonic, sect, [li], and nonleptonic, 
sect. ^ weak decays and e'/e form the main 
remaining part. I then conclude by a solar 
and cosmological as well as a high density 
application together with some references to 
neglected 

More than 300 papers cited one of the 
three seminal papers in the last two years, 
obviously necessitating many omissions. 

2 Chiral Symmetry 

QCD with 3 light quarks of equal mass has 
an obvious symmetry under continuous inter- 



change of the quark flavours. This is the well 
known SU(3)v- However, for m q = 0, 

£qcd = ^2 i^LpQL + iqalpqa 

q—u,d,s 

-m q (q R q L + qLqn)] (1) 

has as symmetry the full chiral SU(3)l x 
SU(3)r since the left and right handed 
quarks decouple. Massive particles can al- 
ways be changed from left to right handed 
by going to a Lorentzframe that moves faster 
than the particle, this changes the momen- 
tum direction but not the spin direction and 
hence flips the helicity.^] For massless parti- 
cles this argument fails and the left and right 
helicitics can thus be rotated separately. 

Chiral Symmetry is broken by the vac- 
uum of QCD, otherwise we would see a parity 
partner of the proton at a similar mass. In- 
stead we believe that this symmetry is spon- 
taneously broken by a quark-antiquark con- 
densate or vacuum-expectation-value (VEV) 



(qq) = (qLqn + qnqi.) ^ . 



(2) 



This condensate breaks SU(3)l x SU(3)r 
down to the diagonal subgroup SU (3)y . This 
breaks 8 continuous symmetries and we must 
thus have 8 massless particles, Goldstonc 
Bosons, whose interactions vanish at zero mo- 
mentum. 

The VEV that spontaneously breaks the 
Chiral Symmetry can also be a different one 
than in Eq. (§). This option is often known 
as Generalized Chiral Perturbation TheoryJa 



* Invited talk at the XX International Symposium 
on Lepton and Photon Interactions at High Energies 
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a For Majorana masses this Lorentz transformation 
also changes particle into antiparticle. 
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3 Uses of Chiral Symmetry 

Chiral Symmetry can be used in high energy 
and nuclear physics in a variety of ways: 

• Constructing chirally invariant phe- 
nomenological Lagrangians to be used 
only at tree level. 

• Current Algebra which directly uses the 
Ward Identities of SU(3) L x SU(3) R 
and the Goldstone Boson nature of the 
pion to restrict amplitudes. Often these 
calculations assume smoothness assump- 
tions on the amplitudes. This method 
is very powerful but becomes unwieldy 
when going beyond the leading terms. 

• Chiral Perturbation Theory (CHPT) 
which is the modern implementation of 
current algebra using the full power of 
effective field theory (EFT) methods. In 
recent years CHPT methods have been 
developed for most areas where current 
algebra is applicable in particular for 
mesons with two and three flavours, sin- 
gle baryons, two or three baryons, and 
also in including nonleptonic weak and 
electromagnetic interactions. 

• Using dispersion relations with CHPT 
constraints as a method to include 
higher orders and/or extend the range 
of validity of the CHPT results. 

• The use of all the above in estimating 
weak nonleptonic decays and in particu- 
lar e'/e. 

4 Chiral Perturbation Theory 

As degrees of freedom we use the eight Gold- 
stone Bosons of spontaneous chiral symme- 
try breaking, identified with the tt, K, rj octet, 
and we expand in momenta using the fact 
that the interaction vanishes at zero momen- 
tum. The precise procedure can be found 
in many lectures^ but is referred to as pow- 
ercounting in generic momenta (p), external 



currents and quark masses. The usual order- 

p 2 r~j m q (qq) and 



mg is vriq 



p 2 since m 2 



we count external photon Z° and W^f fields 
as order p since they occur together with a 
momentum in the covariant derivative 



D„ 



d u - ieA, 



(3) 



An example for the powercounting in tttt- 
scattering is shown below: 



Meson Vertex 




meson propagator 



l/p 2 



J d A p loop integral 




(p 2 ) 2 (i/p 2 )V = p 4 



(p 2 )(l/p 2 )p 4 =p 4 



The lowest order diagram is just the tree level 
vertex at p 2 and as can be seen the two one- 
loop diagrams are both p . The existence of 
this loop expansionwas shown in a very nice 
paper by Weinberg.H This paper can really be 
considered the birth of modern CHPT. 

5 7r-7r scattering 

The amplitude for tt-tt scattering can, in 
isospin notation, be written as 

^4(7rV -> 7rV) = iS ij 6 M A(s, t, u) + cyclic . 

The fact that it-it scattering is weak near 
threshold is one of the major qualitative 
predictions of spontaneous chiral symmetry 
breaking. The order p 2 contribution was 
worked out using current algebra methods by 
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Figure 1. The conclusions of the new data on tttt 
scattering analyzed using CHPT and Roy equations. 
The triangle, A, and the shaded region are the old 
data. The band shows the Roy constraints and T 
are two predictions of pure CHPT indicating the un- 
certainty in the parameters. The dash-dotted band is 
the Roy equation analysis including (G)CHPT con- 
straints and the ellipse shows the result of the new 
data. The bullets from left to right show the coiwer- 
gence of standard CHPT at orders p 2,4,6 . FrorrcJ. 



Weinberg in the sixtiesrl 

A{s,t,u) = {s-ml)/F* 



(4) 



The p 4 , including loop-diagrams and the new 
free parameters, was done by Gasser and 
Leutwylertj and the fuLLtwo-loop expression 
was perfoxmed recently^ after partial calcu- 
lations irJla. Remarkably the full amplitude 
can be written in terms of logarithms and 
other elementary functions. 

The new results in the last year are 
that the Roy equation analysis was up- 
dated using the larger computer power now 
availableEJ and the new data from the BNL- 
E865 experimenttiJ. Both of these were then 
combined with the two-loop CHPT results in 
Ej with the conclusions that standard CHPT 
works find and that, at least in the two- 
flavour sector, the more generalized scenario 
(GCHPT) is not needed. 

In Fig. |l| we show their conclusions and 
in Fig. H the agreement with the old and the 
new data. In the future we expect a further 
improvement from measurements in at 
KLOE and from pionium atoms at DIRAC.0 
The theoretical calculations needed for the 




Figure 2. • arei-the new BNL E865 data and A 
the older Rosseleto ones. The three bands are the 
predictions for three different values of the scattering 
length a[]. Figure from M. 



latter data were recently completedJll 



6 Other 2 flavour CHPT 

The first two-loop calculation in CHPT was 
the two-flavour process 77 — > 7r°7r° and its 
polarizabilitiesEj and the eauivalent calcula- 
tion for the charged pions.Ei The latter also 
includecLthe pion mass and decay-constants, 
see also.Ly 

Radiative pion decay, 7r — > ^7, is also 
known .Eil The most recent calculation in this 
sector was the full CHPT calculation^ of the 
pion scalar and vector form factors.E3 There 
has since been quite some work trying to 
add dispersion theoretical constraints to the 
pion vector form factor. Using inverse ampli- 
tude methods and Omnes equation inspired 
resummationsjLvery nice fit to the ALEPHE3 
and CLEO-HcJ data for r-decay was ob- 
tained. Similar work, with references to ear- 
lier work is 0. 

In Fig. |^ I show the quality of the fit to 
the r-data. Good fits up to y/s ~ 1.5 GeV 
are obtained also for the e + e~ — -> 7r + 7r _ data 
and the spacelike en — > en data0 as shown in 
Fig. ||. The resummations in this sector work 
well, in Table [l] I show the charge radius and 
the coefficient of the quartic q term in the 
vector form factor from the dispersive fit§l 
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Figure 3. The resummed CHPT expression and the 
fit to the t — » -kttu data. Figure from c3. 
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Figure 4. The resummed CHPT expression andpfehe 
fit to the e+e — and spacelike data. Figure from c3- 

and the pure CHPT fit .11 Notice the qual- 
ity of the agreement and the similarity of the 
errors even though the dispersive fit is dom- 
inated by the data around the rho peak and 
the CHPT fit by the spacelike data.0 

7 a M : muon magnetic moment 

The measurement^! is 

a M = 116 592 023(151) x KT 11 (5) 



''The CHPT calculation has a large error for c n due 
to thp-inclusion of rather incompatible NA7 timelike- 
data.C3 





dispersive CHPT 


(r 2 )^ (GcV - 2 ) 
cl (GeV- 4 ) 


11.04(30) 11.22(41) 
3.79(4) 3.85(60) 



Table 1. Comparison between the CHPT fits and 
the dispersive improvement for the pion charge radius 
and the next term in formfactor expansion. 



while a recent theory review quotes the stan- 
dard model prediction^ 

= 116 591 597(67) x 10~ n . (6) 

The difference is a few sigma depending on 
how errors are combined. The size of the the- 
ory error has been disputed by many people, 
varying from an "I don't believe it" to more 
reasonable partial studies, an example of the 
latter is B. 

The methods of Chiral Lagrangians con- 
tribute to this theory prediction in various 
ways 

1. The very low energy vacuum polariza- 
tion contribution. 

2. The effects of isospin breaking, in par- 
ticular the issue of r — * ttttv data versus 
e + e~ — > 7T7T data. 

3. The calculation of the hadronic contri- 
bution to light- by- light scattering. 

4. The EFT calculation jjf higher order 
electroweak corrections £3 

I now discuss the first three in more detail. 

7.1 a^: vacuum-polarization 

The hadronic vacuum polarization contribu- 
tion^] is depicted in Fig. ||. The theory ex- 
pression can be related to an integral over the 
experimentally observable ratio of hadronic 
events to pairs in e + e~ collisions: 

c The QED corrections are much larger but under 
good theoretical control. 
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Figure 5. The hadronic vacuum polarization contri- 
bution to the muon anomalous magnetic moment. 

Here K(t) is a slowly varying function whose 
expression can be found in many places 
The contributions at low energies are en- 
hanced but due to the very strong rho peak 
it is still dominated by that. 

Pure CHPT methods can be used at 
\/i < 0.5 GeV. Using the two-loop expres- 
sion for the pion form factor with all available 
low-energy data yieldsEa 

10 n a^(\/t < 0.5 GeU) = 563 ±30. (8) 

The error is mainly experimental, the best 
fit changes quite considerably depending on 
whether the timelike NA7 dataEa are included 
and the error on (0) reflects this. 

The use of dispersion relations and re- 
summations of the CHPT resultO allows to 
go higher in energy leading to 

10 11 a^(i < 1.2 GeV) = 5113 ±60. (9) 

A recent more traditional evaluation also us- 
ing the r-data but employing similar theory 
constraints yieldsEl 

10 n a^(t < 1.2 GeV) = 5004 ±52. (10) 

The other determinations do not quote the 
same energy range for this contribution so 
cannot be compared directly, they are dis- 
cussed in the contribution by Miller. Note the 
difference between the two estimates above. 

7.2 t versus e + e~ 

One of the issues is whether isospin correc- 
tions in going from t + — > tt + tt D t to e + e~ — > 
ir + n~ are large. At the low-energy end, y/t < 
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Figure 6. The correction factoMneeded to go from r 
to e+e - data as estimatedr4*i £3. The x-axis is t in 
units of GeV 2 , figure from E£|. 

0.5 GeV, CHPT can be used to calculate 
these corrections. Quark mass corrections are 
very small since they are O ((m u — m^) 2 ) . 
The main effect comes from photonic contri- 
butions. A first evaluation of these has been 
done recently]^ The CHPT calculations are 
then extended to higher energies using the 
methods of E3 discussed in Sect. ||. The re- 
sult is a fairly small correction factor shown 
m Fig. |. The band is an indication of the 
uncertainty. The composition of the result is 
shown in Fig. 0. More work on this correc- 
tion is welcome. 

7.3 a^: light-by-light 

The hadronic light-by-light contribution to 
the muon anomalous magnetic moment is de- 
picted in Fig. ||. This contribution can be 
rewritten as an integral over 7 kinematic vari- 
ables. A simple relation to an integral of a 
measurable quantity does not exist and given 
the large amount of kinematic variables, the 
analytic structure of the underlying ampli- 
tude is very complicated and makes a disper- 
sive analysis nearly impossible. We thus need 
a pure theory prediction. 
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Figure 7. The separate factors, the solid line is the 

kinematic /?3 /z^oo an< ^ dashed line the— isospin 

corrections to the form-factors. Figure from r 5 l . 

We could start by a naive attempt and 
simply use a co nsti tuent quark loop. This 
has been done in with the result 

a£ L (CQ) = 60(4) 10- 11 . (11) 

How much can we trust these numbers ? Us- 
ing the result for the vacuum polarization 

al(CQ)=a 2 Q 2 q ml/(l5m 2 q ir 2 ) + ... (12) 

we obtain ~ 2000 10~ n versus the result of 
~ 7000 10~ n using the data and the disper- 
sive method.^] We can thus obviously not 
trust the result ( |l2| ) and need hadronic in- 
puts. This is not a CHPT calculation as often 
stated, in pure CHPT we encounter divergent 
contributions that necessitate a counterterm 
which is precisely the quantity we are trying 
to predict. 

The problem of doublecounting hadronic 
and quark-loop contributions was alleviated 
very much by de RafaeS who noted that 
large 7Y C counting and chiral powercounting 
could be used a a guide to classify them. He 
noted that the three main contributions are 

d We can of course fit the quark mass to obtain this 
result but that is not a prediction. 



Figure 8. The hadronic light-by-light contribution to 
the muon anomalous magnetic moment. 
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BPP 


HK(S) 


1 


-85(13) 


-83(6) 


2 


12(6) 


8(11) 


3 


-19(13) 


-4.5(8.1) 


sum 


-92(32) 


-79(15) 



Table 2. The three classes of contributions to the 
hadronic light-by-light for as obtained by the two 
groups. 

1. 0(N C ) andp 6 : 7r°, 77,77' exchange. 

2. 0(N C ) and p 8 : irreducible four-meson 
vertices and exchanges of heavier reso- 
nances. 

3. 0(1) and//: tt+,K+ loop. 

This method was then applied by twn 
groups, Hayakawa and Kinoshita HK^SlES 
and Bijnens, Pallante and Prades (BPP)Ea 
The results are shown in Table ^. For contri- 
bution 1, the two groups are in good agree- 
ment. Uncertainties here are the choices of 
formfactors, in practice what both groups 
have chosen amounts to double VMD, i.e., 
vector meson propagators are added in both 
photon legs in the 7r° , 77, 77' coupling to 77. 
There are basically no data with both pho- 
tons off-shell, we need double tagged data 
at intermediate values of the photon off- 
shellness and data on 77 and 77' decays to two 
lepton pairs, i.e. on 7*7* < — ► 7r°, 77, V- A 
preliminary study of the effects of various 
form factors on and how they can be ob- 
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served in the other experiments can be found 
in 0, which yielded a M (l) = -88(9) 10 _u . 

For contribution 2, there are many small 
contributions with alternating signs, includ- 
ing scalar and axial- vector exchange. 

The third contribution is different in 
both approaches because the choice of the un- 
derlying 7*7*7r + 7r - vertex is different, both 
choices satisfy chiral constraints. Both are 
possible and this difference is at present in- 
herent and provides a lower bound on the er- 
ror. We need information on 7*7* — > 7r + 7r~ 
at intermediate to large off-shellness for both 
photons to clarify this issue. 

The matching of hadronic and short- 
distance results was studied in an approxima- 
tive way in Ej and found to be satisfactory. 

Numerically the total contribution is 
dominated by the relatively well understood 
pseudoscalar exchange. Given the complex- 
ity of the underlying amplitude it is difficult 
to prove that no major contribution has been 
missed but all additional effects studied in 
cS/El were relatively small. The errors in t3 
were added linearly since all contributions in- 
volve fairly similar assumptions and is in my 
opinion reasonable. Unless a qualitatively 
different contribution from the ones included 
in these two calculations is discovered I do 
not expect the results to change significantly. 

8 Structure of CHPT 

8.1 History and overview 

The structure of effective Lagrangians for the 
pseudoscalar mesons was originally worked 
out by Weinberg for two flavours and then 
generalized to arbitrary symmetry groups .0 
WeinbergO introduced the full EFT formal- 
ism which was then systematized and ex- 
tended by Gasser and LeutwylerBB The 
number of parameters was two at tree level 
and ten more at one-loop level. A first at- 
tempt at classifying the next order was done 
in @ and later finished by El. The latter 
group also worked out the full infinity struc- 



ture at two-loop order .0 

In the abnormal parity sector, including 
one power of ^ va ^ , the lowest order is p 4 and 
is the celebrated Wess-Zumino-Witten term 
with no free parameters O The methods of 
going beyond lowest order were worked out 
in cfj and work is going on to determine the 
precise number of parameters here.0 

The extension to the nonlentonic weak 
sector was done by Kambor et aO and to the 
quenched approximation by Sharpe, Bernard 
and Golterman after early work by Morel.ca 

Some indication of the amount of work 
done in this area is given in Table [3] where 
we indicated the different Lagrangians people 
have considered and their number of parame- 
ters in parentheses. Recent lectures covering 
various aspects are u. 

8.2 Parameter Estimates 

As can be seen from Table | one of the major 
problems in dealing with chiral Lagrangians 
is the number of free parameters. The rea- 
son is that we only use the chiral symmetry, 
SU(3)l x SU(3)r, and its Goldstone charac- 
ter, all the remaining physics is parametrized. 

First estimates of these parameters were 
done by using resonance exchange. E2I The 
conclusion is that the values of the p 4 param- 
eters, L\ are dominated by the vector and 
axial-vector degrees of freedom. Whenever 
these dominate, predictions work well. In 
the scalar sector qualitative agreement was 
obtained but the numerical agreement was 
less accurate. Later work concentrated on 
checking quark models in particular the chi- 
ral quark mode]0, the Nambu-Jona-Lasinio 
model and extensions!! and nonlocal quark 
models. Unfortunately, in the latter case the 
number of free parameters becomes rather 
large again. More recent work has concen- 
trated on including more resonances^] and a 
more systematic use of short-distance con- 



e Examples of this are all the two-loop papers cited 
elsewhere in this talk 
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£chiral order ( # of LECs) 


loop order 


£ P 2(2)+cp d (o)+ c%l;}{2) +£^ (i) +c c ^j$(i) +c; N (i)+c; 2 N (7) 

. r MB.AS=l / n \ i /»MB,AS=l/ \ . r nN,cm/ \ 
+ L GaP° { - 2 > + L G 8P ^> + L e 2 p° W 


L = 


+£ p T n (10) +£° 6 dd (23) +£^f p i 1 (22) +£^(14) +£g^ 2 ° p a 2 k (14) +£7 p tons (5) 
+£^(23)+ £*» (114) +£^ 2 A5=1 (?) +£X' em (8) 


L = 1 


+£ c /= n (90) 


L = 2 



Table 3. The standard model Lagrangian at low energies cw an overview of the various Chiral Lagrangians 
and their number of parameters in parentheses, taken from □. 



straints first started inH Recent work is 

9 CHPT in the three flavour 
sector 

Most basic two-loop calculations are done but 
a study of many smaller processes remains to 
be done. Finished ones include the vector and 
axial-vector two-point functions, masses and 
decay constantsE3£3, the latter also including 
isospin violationJ£II and the scalar two-point 
functionEa. 

The pxqcess K — > tttt£v is also known to 
this order because it is needed to determine 
the parameters. The results for the param- 
eters that are known to two-loop order is iii 
Tabled I have quoted here the results fromE3 
using the new dataliil rather than the orig= 
inal fitE^ which only used the older data.EJ 
For pion andkann vector formfactors partial 
results exist.LiKJJ Some of the two-loop cor- 
rections are fairly sizable, especially in the 
masses. The effect on mass ratios is smaller 
but claims have been made that this indicates 
a GCHPT picture in the three flavour case. 

10 Quark Mass Ratios 

One of the main results of the isospin break- 
ing at two-loops so far isa new determination 
of the quark mass ratiotiH m u /md 

m u /m d = 0.46 ± 0.09 . (13) 

and the pion mass splitting from quark 
masses 

(m w ± - m 7r o)Q CD = 0.32 ± 0.20 MeV . 



0.56 




0.36 1 1 1 1 1 ] 

20 22 24 26 28 30 

m s /m 

Figure 9. The variation of mu/md with 2m s /(m u + 
mj). The top line is using the old estimate for the 
electromagnetic Kaon mass difference. The bottom 
line uses the newer ones. From E3. 



The uncertainty is larger than the usually 
quoted one since at two-loop level the un- 
certainty due to choices of saturation scale 
etc. were larger. We need at the present level 
m s /(m u + nid) as an input parameter. The 
variation due to this is shown in Fig. |9|. The 
main reason of the change w.r.t. the old val- 
ues is the much larger estimate of the electro- 
magnetic part of the Kaon mass difference .E3 

The uncertainty due to the Kaplan- 
Manohar ambiguityEj is fixed due to the lim- 
its on L\ and L r 6 obtained from El Note 
that the values for obtained are in per- 
fect agreement with the arguments of S used 
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1 


2 


3 


5 


7 


8 


10 3 mm p ) 


0.43(12) 


0.73(12) 


-2.35(37) 


0.97(11) 


-0.31(14) 


0.60(18) 


P 4 


0.38 


1.59 


-2.91 


1.46 


-0.49 


1.00 



Table 4. A fit to two-loop order of the p 4 CHPT parameters, table from 




Figure 10. The variation of rriu/m^ with the large 
N c suppressed input ^assumptions. Note that it never 
gets near zero, from Lj- 

to exclude the option m u — there. That 
Tn u /md never gets near zero is shown in 
Fig. |To| where the rangeshown is significantly 
larger than allowed byE3. 

11 Determination of V us (and V u d) 

The CKM matrix-element V U s(V u d) can be 
determined from the decays K — > nlv 
(tt + — > 7r°e + zy) and hyperon semileptonic de- 
cays (neutron or nuclear /3 decays). The un- 
derlying principle is always that a conserved 
vector current is 1 at q 2 — 0. The problem is 
now to calculate the correction to this from 
electromagnetism and quark masses. 

For V us the vector current is sj^u so cor- 
rections are (m s — m u ) 2 not (m,d — "t-u) 2 , 
(Ademollo-Gatto theoren£3) and there is a 
sizable extrapolation to the zero-momentum 
point. For V u d the main problem is that we 
want an extremely high precision in neutron 
or pion [3 decay which is hard to obtain or 
we have to theoretically understand nuclear 
effects to a very high precision. 

A V us determination via hyperon j3- 



decays has large theoretical problems. CHPT 
calculations suffer from large higher orders 
and many parameters. Not understood is 
why lowest order CHPT with model correc- 
tions works OK. References can be found in 
the particle data book. This area needs the- 
oretical work very badly. 
The experimental result 

| Vus I =0.2196 ±0.0023 (14) 

together with \V u d\ = 0.9735 ± 0.0008 yields 

|Kd| 2 + |K s | 2 = 0.9959 ± 0.0026 (15) 

and a mild problem for the unitarity of the 
CKM matrix. 

The theoryE3 and data behind Kaon /?- 
decays are both old by now. The data we 
expect to improve in the near future with 
data from BNL, KLOE, KTeV, NA48 and 
possibly others. The theory consists of old- 
fashioned photon loops and one-loop CHPT 
calculations for the quark mass effects. The 
former are in the process of being improved 
by Cirigliano_et al. and the latter extended 
to two-loopsEl We can thus expect an im- 
proved accuracy for V us in the next few years. 
GCHPT allows for largerquark mass effectsEll 
than the calculation of l3. 

12 Anomalies 

The most celebrated result here is ir° — > 77. 
Good agreement with the anomaly prediction 
exists, at the two sigma level, but we need to 
push both theory and experiment beyond the 
present experimental precision of 7.8±0.6 eV. 

Similarly in 77 — ► 77. The discrepancy 
between e + e~ and Primakoff measurements 
persists. KLOE should be able to contribute 
significantly here. Data for n°, r), rj < — ► 7*7* 
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Exp.: 


280 ± 28 eV 








9 

P 


66 eV 


Ref. 


71 




P 4 


167 ± 50 eV 


Ref. 


72 




dispersive 


209 ± 20 eV 


Ref. 


73 





Table 5. Comparison of theory and experiment for 

T] — > TVITTV. 



are needed for a M as discussed above and for 
r] — > £ + £~, even if in the latter case differ- 
ences are smaller. 

77r — > 7T7T experiment is significantly 
above theory, corrections go in the right 
direction _but only halfway (one-loopEa 
dispersiveE^I) . New experiments at JLab and 
possibly at COMPASS are planned. A possi- 
ble problem are the radiative correctional!]. 
In r] — > 7r + 7r _ 7 the agreement between 
theoryS and experiment is satisfactory. 
Kaon decays K — > "/£v, nir£v, ttj£i> allow 
more tests in particular also of the sign and of 
the quark mass dependence of the anomalous 
effects. One example is discussed below. 



13 More r\ 

In ?7-decays there are more interesting results. 
The decays r\ — > 7r + 7r~7r°, 7r°7r 7r° play a role 
in the determination of the quark masses 
since its decay width is T ~ (m u — md) 2 T. 
The present comparison with theory is shown 
in Table [j| With a slightly larger value of 
TTid — fn u , which is in fact obtained as dis- 
cussed above, we obtain good agreement. A 
possible problem is that the dispersive cal- 
culations use, and can be checked using, 
the Dalitz-plot parameters. As an exam- 
ple^ — 10 3 a in the neutral decay was obtained 
inB as 7 ± 7. Data are 22 ± 23 (GAMSO), 
52 ± 18 (Crystal Barre i) and a preliminary 
result by the Crystal Ball of 26 ± 6. We ex- 
pect more data here in the near future from 
KLOE, WASA and the Crystal Ball as well as 
for the charged decays. Should this discrep- 
ancy in the Dalitz plot parameters persist a 
reanalysis will become necessary. 



The process 77 — > 77° 77 provides a good 
test of p 6 CHPT and VMD with a width pre- 
diction of 0.40(2QLeVO, present experiment 
gives 0.84(19) evEI. 



14 Rare semileptonic decays 

Many calculations exist. See e.g. the talk by 
Isidori and the proceedings of KAON99. An 
example is the recently improved precision on 
the form- factors in K — > ixv^f by the BNL- 
E787 experimentEZl. The structure dependent 
terms have been measured to be 

\F V + F A | ex P = 0.165(0.155) ± 0.013 [0.14] 
\F V - F A | ex P = 0.102(0.065) ± 0.085 [0.05] 

The difference in the numbers with and with- 
out brackets is due to assumptions on the W 2 
dependence. The theory numbers in square 
brackets are p A results from 113. Again, im- 
provement to the p 6 -level is needed. 

15 Nonleptonic decays: CHPT 

This area was pioneered by and one of its 
major results is the chiral symmetry tests in 
K — » 7T7T and K — > tttttt decays. Various re- 
lations have been producedEa and their com- 
parison with experiment is given in Table § 
The overall agreement is satisfactory but the 
newer CPLEAR data and effects of order m 2 
have not been incorporated and obviously the 
AI = 3/2 need experimental improvement. 

In rare decays there are many successful 
predictions. An example is the prediction^] 
and subsequent confirmation of K$ 77. 
New results on this decay can be found in 
the KTeV and NA48 rare decay talks. 

Similar predictions exist for Kl — > 7r°77 
and K — > 777* and K — > 77Z*. A problem 
case is the decay Kl —> 77 which is plagued 
by strong cancellations but very good predic- 
tions exists for the various K — * nvD modes. 
Reviews are the talk by Isidori here and at 
KAON99. 
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P 2 


P 4 


experiment 




74 


input * 


91.71 ±0.32 


/3i 


-16.5 


input* 


-25.68 ±0.27 


Ci 




-0.47 ±0.18* 


-0.47 ±0.15 


a 




-1.58 ±0.19* 


-1.51 ±0.30 




-4.1 


input* 


-7.36 ±0.47 


03 


-1.0 


input A 


-2.42 ±0.41 


73 


1.8 


input 


2.26 ±0.23 






0.092 ±0.030 A 


-0.12 ±0.17 






-0.033 ±0.077° 


-0.21 ±0.51 


c 3 




-0.011 ±0.006* 


-0.21 ±0.08 



Table 6. Chiral symmetry relations for various Dalitz 
plot parameters in K —* 3n and their comparison 
with experiment. The relations are indicated using 
the different superscripts. 



16 Nonleptonic decays and e'/e 

The theoretical precision of e'/e is now way 
behind the experimental determination re- 
ported here by KTeV and NA48. I will 
only comment the approaches using chiral 
Lagrangian related methods as a main tool. 
In particular I concentrate on the various an- 
alytical approaches using large N c as a guide. 

The major problem is that due to the vir- 
tual M^-bosons we need an integration over 
all scales. The short-distance part can be re- 
summed using renormalization group meth- 
ods and is known to two-loops, calculated by 
two groups who are in perfect agreement, see 
l3 for recent lectures and references. 

The large N c approach combined with 
CHPT was pioneered by Bardeen et al.Ea 
and is now. used by several groups. The 
DortmuncS group uses pure CHPT at long 
distances and matches it directly onto short- 
distance QCD, the Granada-Lunda group 
uses the V-boson method to match correctly 
onto the short-distance schemes and the 
ENJL model to improve on the hadronic pic- 
ture at intermediate scales. Finally the Va- 
lencia grou p§ uses a semi-phenomenological 
approach to calculate e'/e. It should be 
noted that the Dortmund and Granada-Lund 



10 4 e'/e 


Granada-Lund 


34 ± 18 


Dortmund 


11 ±5 


Valencia 


17±9 


Data 


17.2 ± 1.8 



Table 7. Some predictions for e'/e and the the data. 



groups also reproduce within the uncertain- 
ties of their approach the AI = 1/2 rule 
which no other method can claim so far. 

Besides these calculations which fully 
predict e'/e there has been major progress on 
several fronts recently. In particular it has 
been realized that B>? and Bg, can be stuck 
ied in the chiral limit from r-decay data.E3'E3 
All groups basically agree in the method but 
differ in the treatment of scheme-dependence 
and error estimates due to the spectral func- 
tions from r data. Comparison of these re- 
sults_with the calculations mentioned above 
is in£j Similar dispersive results for the Bk 
parameters were in reasonable agree m e n t 
with the equivalent Granada-Lund oneu'Ej. 

Calculations with no good theory for the 
long-distance-short-distance matching have 
not been included here. In particular I in- 
cluded neither the factorization fTaipci) nor 
the chiral quark model (TriesteEJ) results. 

The estimates of e'/e shown in Table |7[ 
increased significantly due to three effects: 

• Q.i b has gone down, removing part of the 
cancellations due to isospin breaking. t3 

• Final state interactions should be in- 



cluded bot 
nary parts 



, 8 



in the real and in the imagi- 
I Typically the real part was 
treated experimentally and the imag- 
inary part to order p 2 . Correcting 
this produces a strong enhancement. E3Ej 
Criticisms now focus on the size of this 
effect not its existence. 

• Large, not fully understood, non- 
factorizable corrections^ to Bq. 
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7<i — > np 



C (mb) 




E y (MeV) 

Figure 11. The cross-section rslsvant for deuteron 
breakup from EFT, figure from lj. 



17 Baryons 

Baryons, hyperons and nuclei are also areas 
where chiral Lagrangians play an important 
role. The one baryon sector was reviewed in,i 
many more results can be found in the pro- 
ceedings of Chiral Dynamics 2000 at JLab. 

In the two or more nucleon sector some 
recent progress has been obtained by the ad- 
vent of a proper power-countingti Many ap- 
plications can be found in tha abovenamed 
proceedings and in the review.H I only quote 
two examples relevant for cosmology and so- 
lar physics. The EFT calculations allowed 
to reduce the uncertainty for deuteron break- 
up in the early universe from 5% to 1%. More 
importantly, good data at one point will im- 
prove the prediction over the whole relevant 
energy range. The cross-section is shown in 
Fig. |ll]. For the cross-section of the main 
solar proton fusion process pp — > de + v EFT 
methods allow a one parameter prediction.^ 
A 10% measurement of v e d scattering at a 
reactor allows a 3% prediction of the pp rate. 



18 Colour Superconductivity 

At very high baryon densities a new phase of 
QCD is expected to appearE3 where we get di- 
quark condensation in the anti triplet colour 
channel of 3 C x 3 C rather than in the colour 
singlet quark- antiquark in 3 C x 3 C of the usual 
QCD vacuum. This phase has colour-flavour 



locking due to the nature of the condensate 
and the symmetries are broken in the pattern 

S17(3) C x SU(3) L x SU(3) R x U v (1) 

=> SU(3) C+L+R x Z 2 (q - -q) (16) 

This results in 8 massive gluons, 8 Left-Right 
Goldstone Bosons, one Baryon-number Gold- 
stone Boson. This looks very much like the 
spectrum of 8 vectors and 8 pseudoscalars in 
the usual QCD vacuum. Indeed the whole 
formalism of EFT can also be used here as 
can be seen in the review by Alford.0 Some 
peculiarities are that the mass spectrum is 
quadratic in the quark masses due to the Z 2 
symmetry of the condensate and that instead 
of the more familiar photon-rhii mixing we 
now have photon gluon mixing.t3 

19 Not covered 

A few more areas with recent progress are 

• The question of large N f and GCHPT.E1 

• 77-77' mixing Jl2ij 

• Phenomenological Chiral Lagrangians in 
resonance decays espe cially 0-decays and 
r phenomenology.!? 



CHPT in the single baryon sector J 
CHPT for vector mesons 



103 



Resummati on w ork beyond the ones dis- 
cussed hen 



• Connection with lattice QCD: the use of 
CHPT to extrapolate lattice results to 
physical quark masses and study effects 
of (partial) quenching and finite volume. 

20 Conclusions 

I hope to have convinced you that the field 
of Chiral Lagrangians is very active and has 
many applications with relevance for a wide 
spectrum of phenomena in high-energy and 
nuclear physics. 
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